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Abstract

Previously we have reported on the combustion behaviour of all nine isomers of heptane in a rapid compression
machine (RCM) with stoichiometric fuel and ‘air’ mixtures at a compressed gas pressure of 15 atm. The dependence
of autoignition delay times on molecular structure was illustrated. Here, we report some additional experimental
work that was performed in order to address unusual results regarding significant differences in the ignition delay
times recorded at the same fuel and oxygen composition, but with different fractions of nitrogen and argon diluent
gases.

Moreover, we have begun to simulate these experiments with detailed chemical kinetic mechanisms. These
mechanisms are based on previous studies of other alkane molecules, in particular, n-heptane and iso-octane. We
have focussed our attention on n-heptane in order to systematically redevelop the chemistry and thermochemistry
for this C; isomer with the intention of extending our greater knowledge gained to the other eight isomers. The
addition of new reaction types, that were not included previously, has had a significant impact on the simulations,

particularly at low temperatures.

Introduction

The key to being able to improve the efficiency,
performance and emissions of combustion systems is a
better understanding of the chemistry involved over a
wide range of temperatures and pressures. Therefore
there is much interest in understanding the oxidation of
hydrocarbons; such as the heptane isomers, under a
broad range of conditions, and more specifically the low
temperature chemistry involved in the oxidation of these
fuels [1—7]. n-Heptane has long been used as a model
fuel for two reasons. The first is that in SI engines it is a
component of the primary reference fuels, which are
used to determine octane numbers. Secondly, it has been
used for experiments and modeling studies of diesel
engines as it has a cetane number that is typical for
diesel fuel, and therefore its combustion and ignition
properties are similar to those of diesel.

We have recently reported rapid compression machine
(RCM) experimental data for all nine heptane isomers
under stoichiometric conditions, at a compressed gas
pressure of 15 atm and in the temperature range 600—
960 K [8]. This was the first complete investigation of
the nine isomers in the same study, although other
studies have presented data for a number of the C;
isomers in a small number of experimental set—ups
[5,7]. Reliable data of this nature are essential for
understanding how fuel structure affects autoignition
and combustion processes in kinetically controlled
modes such as Homogeneous Charge Compression
Ignition (HCCI). Such data are also important to
validate and refine chemical kinetic models of these
processes.

Previous modelling work by Westbrook et al. for the
heptane isomers includes calculation of ignition delay
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times behind reflected shock waves for each of the nine
isomers in the temperature range 1190—1428 K [9], but
there was no experimental data available against which
the model predictions could be validated. In a related
study, Westbrook et al. prepared detailed chemical
kinetic mechanisms for all nine isomers under rapid
compression [10]. Therefore our purpose is to extend
this study to the preparation of accurate simulations
using comprehensive chemical kinetic models [11] for
the combustion of the complete set of heptane isomers
using the recorded ignition data [8] and other data in the
literature for validation.

Experimental Update

Previously we have reported on the combustion
behaviour of all nine isomers of heptane with
stoichiometric fuel and ‘air’ mixtures at a compressed
gas pressure of 15 atm in a rapid compression machine
with creviced piston heads [8]. Since then, it has been
concluded that the creviced piston heads in use for these
measurements are near optimal as regards to
temperature field homogeneity [12].

In order to investigate, in detail the autoignition
behaviour of the heptane isomers, the compressed gas
temperature range of 600—960 K was studied [8]. This
was done by varying the proportions of the diluent gases
(N,, Ar) so as to alter the overall heat capacity ratio of
the fuel and diluent ‘air’ mixture resulting in the range
of compressed gas temperatures studied. In addition, a
thermostat fitted to the combustion chamber allowed the
initial temperature to be varied independently. For each
of the nine isomers of heptane, three fuel and ‘air’
mixtures were investigated to cover this compressed gas
temperature range; the lowest temperatures using pure



nitrogen as diluent (600—725 K), intermediate
temperatures using a 50:50 mixtures of nitrogen and
argon (700—3825 K) and the highest temperatures using
argon only (800—950 K). This means that there was an
overlap of some of the compressed gas temperatures
investigated, with the only variation being the actual
mixture diluent composition at these particular
temperatures.

The adiabatic compressed gas temperature, 7¢, and
pressure, pc, were calculated based on ideal theory from
the initial temperature, initial pressure and the volume
ratio of the RCM (0.0952) [8]. Results were presented
in terms of the overall dependence of ignition delay
time (ms) on the compressed gas temperature (K), for
each fuel and ‘air mixture studied for all nine isomers of
heptane, and we believe that the diluent gas effect we
observed has not been reported previously. It was
reported that ignition delay times were recorded at the
same T¢ for different diluents and that ignition delay
times at these 7¢ values were longer with higher argon
diluent concentration. Figs. 1 and 2 illustrate this point
quite clearly. Ignition delay times recorded at a T¢ of
820 K for the 0.50 N, / 0.50 Ar mixtures are shorter
than for the mixture with pure argon as diluent for both
2,3- and 3,3-dimethylpentane (DMP).

Following publication of the results of our original
investigation [8], two major updates have been applied:

1. The compressed gas temperature (7¢) was
calculated based upon the recorded pc reached
within the combustion chamber, rather than
using the initial temperature, initial pressure
and compression ratio in order to account for
non-ideality of the system.

2. In an effort to resolve the question of variation
in ignition delay times at the same 7. for
different diluent compositions, some new fuel
and ‘air’ mixtures were prepared —
intermediate  in  composition to those
previously investigated. The results of these
are presented and discussed here.

For 2,3-DMP a fuel in ‘air’ mixture of 0.25 N,/ 0.75 Ar
was examined, Fig 1. At compressed gas temperatures
of 680—700 K ignition delay times lie between those
for pure nitrogen and 0.50 N, / 0.50 Ar diluent.

In addition, a 3,3-DMP fuel in ‘air’ mixture of 0.25 N,/
0.75 Ar was examined, Fig 2. At compressed gas
temperatures of 750—850 K ignition delay times lie
between those for 0.50 N, / 0.50 Ar diluent and those
for pure argon as diluent.
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Fig. 1 1.87% 2,3-dimethylpentane (RON = 91.1), @ =
1.0, pc approximately 15 atm, m N, only, © N,/ Ar 0.75
/0.25 [new data], A0.50 N,/ 0.50 Ar, V¥ Ar only.
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Fig. 2 1.87% 3,3-dimethylpentane (RON = 80.8), ¢ =
1.0, pc =15 atm, m N, only, ® 0.50 N, / 0.50 Ar, A 0.25
N, /0.75 Ar [new data], ¥ Ar only.

These additional experimental results clearly show that
the previous data was not anomalous and that ignition
delay times do get longer with increasing Ar fraction.
The source of this behaviour may be due to the heat
capacities, and/or the thermal diffusivities of nitrogen
and argon. However, the thermal diffusivities of both
nitrogen and argon are very similar and so this
behaviour depends mainly on the difference in heat
capacities. A mixture with nitrogen as diluent will
maintain a higher temperature for longer than an
otherwise identical mixture with argon diluent. Hence,
the ignition delay time for the argon mixture will be
‘stretched out’ and will result in a longer ignition delay
time at the same compressed gas temperature. Tables 1
and 2 show ignition delay times measured at the same
temperature for different diluent compositions. As the
argon composition increases the ignition delay time also
increases.



Fuel / ‘Air’ Mixture Temperature (K) Time (ms)
23DMP/ O,/ Na: Ar % : Y4 773 33.8
23DMP/ O,/ Ny: Ar Y51 Vs 773 38.4

Table 1. Comparison of ignition delay times for 2, 3-
DMP at almost identical T¢, with the variation in diluent
composition.

Fuel / ‘Air’ Mixture Temperature (K) | Time (ms)
33DMP/ O,/ Ny: Ar Y% Y% 794 18.2
33DMP/ O,/ Ny: Ar Ya: % 790 24.4

33DMP/ Oy Ar 796 27.8

Table 2. Comparison of ignition delay times for 3, 3-
DMP at almost identical T¢, with the variation in diluent
composition.

Essentially, we conclude that there is no one smooth
curve of ignition delay time versus temperature for a
fuel over the entire temperature range under
investigation. Ignition delay times are a function of the
heat losses occurring due to the mixture composition.

Modelling

Kinetic modelling for n-heptane was performed using
the HCT (Hydrodynamics, Chemistry and Transport)
program [13], which solves the coupled chemical
kinetic and energy equations, and permits the use of a
variety of boundary and initial conditions for reactive
systems depending on the physical nature of the system
being examined. The THERM program of Ritter and
Bozzelli [14], employing group additivity methods
developed by Benson [15], was used to determine
thermochemical quantities for all the chemical species
for which there were no available data.

Initially, work has been directed towards the systematic
redevelopment of the low temperature mechanism,
which has been published previously for n-heptane and
iso-octane [16,17], beginning with new reaction types.
The additions of these reaction types, or classes as we
refer to them here, were not included in these previous
studies. Such reaction classes investigated included the
following:

1. 0O,QOOH = alternative H-atom isomerization
0,QO0H - cyclic Ether + OH
RO, + OH - RO + HO,
RO, +HO, - ROOH + O,
RO, = QOOH (New rate constants)
0,QO0H = Ketohydroperoxide + OH (New
rate constants)
7. QOOH intra-molecular isomerizations

AN

As we will show, not all the reaction classes
investigated proved to be sensitive within the scope of
our study.

Original Mechanism:

Curran et al. originally published a mechanism for n-
heptane oxidation in 1998 [16] in which they described
rate constant rules for the various reaction classes

associated with fuel oxidation, particularly under low
temperature conditions. This work was updated in 2002
with a study of iso-octane oxidation [17], with many of
the thermochemical properties and rate constant
expressions adjusted.

In their previous studies of n-heptane and iso-octane
Curran et al. [16,17] considered only one internal H-
atom isomerization step for O,QOOH to produce a
stable carbonyl- or keto-hydroperoxide species and a
hydroxyl radical. This reaction involves the migration of
the H-atom from the carbon atom attached to the
hydroperoxyl group to the peroxy radical site, an
example of which is shown in Fig. 3 (a).
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Fig. 3 Detailed chemistry for O,QOOH: (a) example of
the type of isomerization considered by Curran et al.
[16,17] and (b) additional isomerizations considered in
this work.

It was argued by Curran et al. that this hydrogen atom,
Fig. 3 (a), is weaker than a typical hydrogen atom in a
hydrocarbon species and is more easily abstracted.
However, ring-strain energies dictate that in many
instances other conventional hydrogen atoms, which
may form a 6-membered transition state ring for
example, are also available. Rate constant analysis has
shown that these alternative reactions are indeed
competitive, or even faster, than the formation of the
ketohydroperoxide and a hydroxyl radical.

Reaction Class 1: O,QOOH = Alternative H-atom
isomerization

In order to include this chemistry the species associated
with reaction class 1 were generated from O,QOOH
isomerizations, Fig. 3 (b), along with the related
reactions and then added to the original mechanism.
These alternative reactions lead to the formation of an
alkene-hydroperoxide species and a hydroperoxyl
radical rather than a ketohydroperoxide species and a
hydroxyl radical. This leads to a significant change in
the mechanism prediction. Fig. 4 shows predictions of
the previous mechanism [17] together with the updated
mechanism with these “alternative” O,QOOH H-atom



isomerizations added. Previous predictions gave
reasonably good agreement with experimental data.
However, it is clear that the addition of these alternative
reactions leads to longer ignition delay times than
previously predicted in the temperature range 600—850
K, and an overall decrease in the performance of the
kinetic mechanism. However, we can account for this
decrease in reactivity by the increased concentration of
less reactive HO, radicals in comparison to more
reactive hydroxyl radicals. The new chemistry added
had little or no effect on the mechanism predictions at
temperatures above 850 K, as the H,0, (+M) = OH +
OH (+M) branching reaction predominates in this
intermediate temperature range [18].
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Fig. 4 The 2002 Curran et al. mechanism (solid line)
[17], versus updated mechanism with reaction class 1 -
alternative O,QOOH internal H-atom isomerizations
(dashed line), Galway RCM data m [8] and Griffiths et
al. RCM data o [5] for 1.87% n-heptane, pc = 10 atm, @
=1.0.

Reaction Class 2: 0,QOOH - Cyclic Ether + OH
This reaction class had not previously been included in
the mechanism of Curran et al. [16,17]. For n-heptane,
we permit the formation of five-, six-, seven- and eight-
membered transition state rings.

This has led to the addition of 90 new species and 177
new reactions. Fig. 5 shows the formation of these
species from an arbitrary O,QOOH species.

This reaction class leads to the formation of a stable
alkyl-peroxide cyclic-ether species and a hydroxyl
radical. This new reaction scheme competes with the
“alternative” isomerization reaction (reaction class 1,
which produces hydroperoxyl radicals) and so leads to
an increase in reactivity at lower temperatures, Fig. 6,
which results in better agreement with the experimental
results at 15 atm [8].

However, the predicted ignition delay times are still
substantially longer than those measured experimentally
in the temperature range 625—800 K.

Example of 6-membered transition

HO\ HO
)i 9
I
C\(‘:/C\(‘:/C\C/C _— C\C/C\C/C\C/C
I .
H
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~0. ~OH
HO l
\
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C\C<CﬁC/C\C/C +OH

(]
Cyclic Ether

i
o
C\C<CﬁC/C\C/C +OH
(0]
Cyclic Ether radical

Decomposition

Products

Fig. 5 Reaction scheme for Reaction Class 2: the
formation of Cyclic Ether + OH from O,QOOH species.
In this example a 6-membered ring transition of
1C;H,00H—20; is used to illustrate the chemistry.
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Fig. 6 n-Heptane, @ = 1.0, pc = 15 atm: Galway
experimental (points), updated mechanism with reaction
class 1 (solid line), updated mechanism with addition of
reaction class 1 and 2 [0,QOOH = Cyclic Ether + OH]
(dotted line).

Reaction Class 3: RO, + OH - RO + HO,

Reaction class 3 involves the reaction of an alkyl-
peroxyl radical with a hydroxyl radical to produce an
alkoxyl radical and a hydroperoxyl radical. DeSain et al.
[19] studied the reaction C,HsO, + OH = C,Hs0 + HO,
by measuring OH concentration histories and
recommended a rate constant expression of 2 x 10" cm®
molecule” s'. We have employed his rate constant
expression for all reactions in this class. Addition of this
reaction proved to be completely insensitive with no
change in predicted ignition delay times in the range of
experiments performed here.



Reaction Class 4: RO, + HO, - ROOH + O,
Reaction class 4 involves the reaction of an alkyl-
peroxyl radical with a hydroperoxyl radical to produce
two stable products — an alkylhydroperoxide species
and molecular oxygen. Lightfoot et al. [20] studied the
reaction CH;0, + HO, = CH;0,H + O, and reported a
rate constant of 2.47 x 10" exp (-1,570 cal/RT) cm’
mol™ s™', which we have employed for all reactions in
this class. However, this reaction class again proved to
be insensitive in that no change in predicted ignition
delay times were recorded in the temperature range
625—950 K.

Reaction Class 5: RO, = QOOH

Inclusion of reaction classes 1 and 2 led to shorter
ignition delay times at low temperatures and improved
the model agreement with experiments, but simulated
ignition delay times were still consistently slower than
experiment in the temperature range 625—775 K.
Recently, Raman et al. [21] have carried out ab-initio
calculations at the CBS-QB3 level of theory for a series
of many different five-, six-, seven- and -eight-
membered transition states involving alkylperoxyl
radicals. These rate constant expressions have been
employed here for  n-heptylperoxyl  radical
isomerizations to hydroperoxyl heptyl radicals. Fig. 7
depicts the model predicted and experimental ignition
delay times in the temperature range 625—950 K.
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Fig. 7 n-Heptane, ® = 1.0, pc = 15 atm: Galway
experimental (points), updated mechanism with reaction
class 1 (solid line), updated mechanism plus reaction
class 1 and 2 (dotted line), updated mechanism plus
reaction class 1, 2, and 5 (dash—dot line).

These rate constant expressions of Raman et al. lead to
a substantial decrease in ignition delay times at low
temperatures resulting in a substantial improvement in
predictability of the detailed chemistry at low
temperatures.

Reaction Class 6: O,QOOH = Ketohydroperoxide +
OH

The rate constant expressions of Raman ef al. [21] were
also employed for the second isomerization step,
0,QOO0H forming a ketohydroperoxide species and a
hydroxyl radical.

We combined these new rate expressions with the
additional chemistry for reaction classes 1 and 2,
described above and with the rate changes applied for
reaction class 5 but found that the predicted ignition
delay times were identical to those determined for the
addition of reaction classes 1, 2 and 5 alone.

Previously, Curran et al. [16,17] had argued that the
hydrogen atom undergoing this isomerization is weaker
than a typical hydrogen atom in a hydrocarbon species
and is more easily abstracted since it is bound to a
carbon atom, which in turn is bound to a hydroperoxy
group and therefore the activation energy was reduced
by 3 kcal mol'. We have found that lowering the
activation energies of Raman et al. by 1 kcal mol™ had
no effect on predicted ignition delay times.

Within this study, the mechanism has only been
validated at 10 and 15 atm and in the temperature range
625—950 K. We intend to extend this validation over a
wider range of temperature and pressure in order to
improve predictive capability using other available
experimental data in the literature.

Conclusions

We have successfully shown that the addition of more
detailed chemistry to the mechanism of Curran et al.
from 2002 has improved the simulation of the NUIG
RCM data at 15 atm [8].

The influence of the final reaction class of QOOH intra-
isomerizations will be studied and their influence on
mechanism predictions will then be reported.

Extensive validation of all these reaction class
investigations has yet to be carried out using additional
experimental data, other than our own RCM data. Once
the mechanism for n-heptane is accurately reproducing
low temperature chemistry such as that observed in
these RCM studies, we will apply the same set of
reaction class rules and knowledge gained to the
remaining eight heptane isomers.
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